Taking the H, line as a test case, we give a proper treatment of the broadening including energy splitting and spontaneous emission effects. At low perturber densities (from 10'' to 10'4cm-3) the profile is calculated in the line centre within the impact approximation. Each collision is well described by a semiclassical perturbational approach. The energy separation of the sublevels for n = 2 and n = 3 produces a splitting of the line into seven components and modifies the collisional cross sections. These components, well resolved at perturber densities lower than IO" are gradually mixed for increasing densities.
Introduction
Precise Stark broadenings for hydrogen lines at low perturber densities (Np= 10"-10'' cm-') are of practical interest in astrophysics, in fusion research and laboratory experiments. Nowadays, the advent of highly monochromatic tunable laser sources has led to the development of Doppler free spectroscopy techniques which allow investigations of these low density profiles (Weber et a1 1983) .
Our purpose is to give a proper treatment of the broadening, including energy splitting and spontaneous emission effects. It was proved by a comparison with model microfield method (MMM) results (StehlC et a1 1984) that the ionic broadening, which gives the major contribution to the line width, is well described by the impact formulation in the line centre up to 10'4cm-3. The impact theory is the low densities limit (binary approximation) of the relaxation theories for completed collisions (Fano 1963 , Voslamber 1969 , Smith et a1 1969 , Dufty 1970 . The relaxation operator G is then frequency independent and can be expressed in terms of scattering matrix elements. We adopt hereafter a semiclassical perturbational (SCP) description of the collisions. This picture leads to divergencies at short impact parameters which are avoided by appropriate cut-offs. It is not the purpose here to discuss the validity of this procedure which has been proved by a comparison with a quantum description of the collisions (StehlC and Feautrier 1984, referred 
to as I).
The energy separation of the states ( n y m ) for n = 2 and n = 3 produces a splitting of the line into seven components (figure 1) and can affect the collisional cross sections. In Q 2, we give the general expression of the profile, including collisional G and spontaneous emission R relaxation terms and the explicit expressions of these contributions. The energy-splitting effects, also called fine-structure (FS) effects, important at low densities, decrease for increasing densities and become almost negligible for densities exceeding l O I 4 ~m -~. The effects of the radiative lifetimes of the n = 2 and n = 3 levels on G are also analysed. The resulting profiles are shown in 0 3. The seven components of the line, well resolved at perturber densities lower than 10l2 ~m -~, are gradually mixed for increasing densities.
Throughout this paper we neglect the atomic velocity anisotropy effects described by Seidel (1979) : this point will be discussed in § 3. This authorises us to decorrelate the Doppler and Stark broadenings.
Line shape expression: collisional and radiative relaxations
We consider an optical transition between two groups of levels, Greek and Latin letters numbering the states belonging to the upper and lower levels. The reduced line space involves 13 components I IQa, Ida)), also denoted 1 ua)).
As in I, we assume a partial thermal equilibrium at the electronic and ionic temperatures T, and T,. Spontaneous emission effects are introduced in the profile expression in terms of a radiative relaxation operator R added to the collisional G contributions. The w-normalised profile in the reduced line space is given by Assuming rectilinear trajectories for the relative motion (reduced mass m ) , the operator G is obtained after impact parameter b, velocity U and angular averages of the operator P(b, U ) as defined by equations ( l ) , (6), (7) of I. Long-range plasma collective interactions are introduced in the potential range by Debye screening (Debye radius b,) (see I).
To study the variation of G with the densities, we calculate the contribution P( b, U), and perform analytically the integration over b. Although the electronic perturber case should be discussed also, we shall put much emphasis on the ionic contribution which is preponderant.
As is usual, S matrices are calculated in the no quenching approximation using the second-order perturbational expansion for the dipolar electrostatic potential. After angular averaging, we obtain the following expressions for the P matrix elements: This approach leads to a logarithmic divergency at low impact parameters b (strong collisions). In this case the arguments zi of A and B become negligible so that the series expansions of these functions give the same expression for the operator P as for w o = 0 (appendix of I). Therefore we adopt the same cut-off procedure as in paper I (valid for T > 2000 K). The two cut-off values r,( U ) and p,( U ) satisfy all the conditions zlj<0.5 ( U = U = = (2kT/m)'l2).
We take
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Concerning the impact parameter integration, the strong collisions contribution is obvious. For the weak collisions, the integral 1' db b P can be calculated using functions a and b which are easily expressed in terms of the modified Bessel functions (see previous references for A and B ) . One has and an equivalent expression for b and B ; zinf and zD correspond to the preceding cut-off radii and to the Debye radius respectively. We shall examine now the behaviour of G for large and low Np values. At large densities, the collisional duration T~ (time for a charged perturber to cross the Debye sphere) is so small that the energy splittings hw, are negligible during the collision, in agreement with the series expansions of the functions a and b at small z values.
The matrix elements Gaa,bp can be inferred after some algebra from the corresponding Gl,l,,lblp obtained in I (Omont 1973) .
Conversely, the asymptotic expansions for large zD values are used at low densities.
The exponential decreasing of a(z,, z2) -exp[-(lz,l+ 1z21)] corresponds to a natural cut-off at the distance bN(u) 2 : v(IwII+Iw21)-', similar to the Lewis cut-off (Lewis 1961) and the Debye cut-off of expression (9) The variations of some G matrix elements as functions of Np are shown in figure  2 ( a , b) for Ti = T, = 10 000 K. The calculated values are in agreement with the two limiting behaviours at low and large Np.
Concerning the radiative relaxation operator R, the rotationally invariant matrix elements are defined by In a non-relativistic approach (Milonni and Smith 1975, Milonni 1976) , the nonvanishing r-matrix elements are given by r,,,,, = ( P a i , i a + P u j j a ) i j where In these expressions, 8 represents the unit step distibution, P the Cauchy principal value, and d the atomic dipole operator. It is important to notice that the Lamb shift does not appear in (13) since it is included in the energy values of the levels (Bashkin and Stoner 1975) .
One obtains for the diagonal terms R,,,,, = ( AQi + Aaj) = i( T;: + 7;;). ij T~, and T~, are the radiative lifetimes and A are the usual Einstein transition probabilities between the states (nlj), they are independent of j (rotational invariance). Spontaneous emission occurs from the state a to states i with lower energies. The real parts of coherence terms Rbo,,p are negligible with regard to the diagonal terms (14) owing to the coefficients wbaw;, being far smaller than w:i. One can neglect Im(Rba,ep) also. Therefore, the radiative relaxation matrix is diagonal. Let us discuss rapidly the spontaneous emission effects during the collision. For densities smaller than 10'' ~m -~, the collision time T~ corresponding to heavy perturbers becomes larger than the radiative lifetime T R (1.6 x s for p states). It is impossible to take into account radiative processes during the collision in the impact approximation. However, according to the method introduced for the natural cut-off bN, we suggest the use of the radiative cut-offs b,:
Taking Inf( bD, bR) instead of bD as the upper limit of the impact parameter integration, one can prove that this radiative cut-off does not affect the results except the small shift coming from the imaginary part of Gsl,2T3,2,sl,2v3 (for this last term, a non-impact d calculation should be necessary for Np< 10" cm-). The small importance of this radiative cut-off comes from the large energy splitting which gives more efficacy to the natural cut-offs.
Results and discussion
The profile is easily obtained from equations (1)- (3) when the relaxation matrix (R + G) is known. Though the reduced line space involves 13 components, the profile calculation is a function of the seven components ( s 1 / 2~1 / 2 , ~1 1 2~3 1 2 , p1/2u1/2, p1/283/2, p3/2~1/2, p3/2&/2, p3/2S5/2) corresponding to non-vanishing atomic dipole ( e 2 D ) matrix elements. In the presence of natural broadening these components are well resolved with halfwidth given by Rae,,, (figure 1). The origin for Ah corresponds to the energy difference between the centres of gravity of the levels n = 3 and n = 2 (related to the statistical weights).
The profiles including spontaneous emission and Stark (electrons and protons) contributions are presented in figures 3(a), 3 ( b ) and 3 ( c ) for densities Np equal to lOI3 and 1014 ~m -~. Owing to the mass factor, the electronic contribution to the broadening is negligible in comparison with the ionic one (<lo%). The seven components ( a m ) of the line are resolved for densities lower than 10I2 ~m -~. Their halfwidths and shifts are given by the diagonal elements of the total relaxation matrix. At lo1* cm-3 the natural and Stark broadenings are of the same order of magnitude. The seven components are gradually mixed for increasing densities and the natural broadening becomes negligible. At lOI4 cm-3 these components are unresolved, but the energy separations lead to an asymmetrical profile and enhance the half-width (0.14 b; instead of 0.08 A). At Np> l O I 5 cm-3 the FS effects are negligible so that the profile would be Lorentzian with a half-width reduced by the coherence effects (see the analytical expression of I): unfortunately, departures from the impact regime increase at the same time (StehlC et a1 1984) , diminishing the practical interest of our result in this later physical condition. Nevertheless, ion dynamics effects are very large (Lee 1979) .
We compare (figure 4) the full half-widths obtained in the SCP treatment (A) for Np = lOI4 and 4 x loi4 ~m -~, T, = 17 000 K, Ti = 4000 K, H+ perturbers, with the experimental results of Ehrich and Kelleher (1978) without Doppler and experimental broadenings (hatched area). In these experimental conditions, the large Doppler broadening (2Ah5, -0.29 A) leads to an intricate deconvolution procedure. Nevertheless this lower limit is too small for two reasons.
The MMM calculations underestimate somewhat the half-width at low densities as shown by the computer simulation results of Stamm (1982) .
Comparing impact results with and without FS effects, we note that the large FS Kepple and Griem (1968) and Vidal et al (1973) using the static ion approximation.
Our calculations give the Stark profiles for emission or linear absorption experiments. In this low densities range, the Doppler effect is important. Doppler free experiments have recently attempted to investigate the homogeneous broadening Humpert 1981, Weber et a1 1983) . In such saturation or polarisation spectroscopy, the broadening mechanisms result from non-linear interactions between the atomic system and the strong perturbing radiation field. Even in the validity range of the impact approximation, a specific calculation including the coherence effects is required in the case of overlapping lines. At low densities, however, the seven components of the H, line are resolved and the Stark width and shift of each component are those calculated here. Thus we compare in table 1 the theoretical widths and shifts with the experimental results of Weber et a1 (1983) . The signs of the shifts and the order of magnitude of the widths are correctly given. As mentioned by these authors, we find a linear variation of these quantities with the perturber density and a negligible electronic contribution to the broadening. The shift and width have a linear and quasi-linear variation with the thermal velocity 2 1~ as in the expressions (10) and (1 1). A precise comparison for the shifts would require more precise calculations owing to the cancellations between the several contributions (1 1). The discrepancy between the theoretical and experimental half-widths could be attributed to: the resonance broadening, which is proportional to the atomic hydrogen density, increasing with the discharge current ; the velocities redistribution resulting from velocity changing collisions and the Ly-a radiation trapping (see e.g. Berman (1976) , Beterov et a1 (1970) ); the polarisation effects; the plasma anisotropy effects. We now briefly discuss this last point: we have neglected here any correlation between the Stark and Doppler broadenings. Indeed the radiating moving atom sees in its frame of reference an anisotropic plasma (Seidel 1979, Seidel and Stamm 1982) . The influence of this anisotropy increasing with the perturber mass is negligible for the electronic perturbers, and its influence in the resulting profile obtained after the velocity average is likely to be small for H+ perturbers in the usual isotropic experiments.
However, this effect may not be negligible in the case of selective anisotropic velocity excitation as it occurs in the Doppler free experiments.
Conclusion
These calculations prove that fine structure and spontaneous emission effects must be included for a correct description of the Stark broadening at densities lower than lOI4 ~m -~. The magnitude of these effects increases when the density decreases. Obviously the large Doppler broadening in linear spectroscopy experiments usually prevents the use of the central part of this line for density diagnostics. Therefore our purpose will be to investigate the splitting effects in the near wings.
